Using the fast magnetosonic wave in ion cyclotron range of frequencies (ICRF) to heat ions and electrons in the plasma core efficiently has been demonstrated in EAST［1,2］and other tokamaks［3-5］. The newly designed and installed ICRF antenna in I port aiming at increasing the ICRF heating efficiency has been analyzed theoretically in Ref. [6] . The ICRF antenna array which consists of 4 straps can operate in various heating and current drive phasing cases in 25~70MHz. In this paper, we report the study of the ICRF coupling characteristics of the I-port antenna from recent experiments performed on EAST.
Plenty of factors have influences on the ICRF antenna coupling and various experiments
have been carried out to study the dependence of the coupling on these factors in a number of devices. Quantitative agreement between the theoretical and experimental dependence of the antenna loading resistance on the various plasma parameters has been obtained in DIII-D [7] .
The loading resistance showed a clear increase with the increasing line average electron density close to the plasma edge during gas injection experiments in TEXTOR [8] . On Alcator C-Mod, the antenna loading was found to be sensitive to the plasma density profile in the SOL and pedestal [9] . The performance of three different dipole phasing configurations is assessed experimentally by using the JET A2 ICRF antennas [10] . The experimental resonant behaviour of the loading resistance in ASDEX due to the variation of the density is explained reasonably by the eigenmode effect [11] . This paper presents the first study of the ICRF antenna coupling vs. various plasma parameters on EAST tokamak.
The paper is organized as follows. The definition of the coupling resistance and the antenna code are described in Section 2. In Section 3, the dependencies of the loading upon various plasma parameters are analyzed. The coupling characteristic features of these discharges are also analyzed. The comparisons of the antenna loading with the theoretical simulations, using the antenna code are discussed in Sections 3. Finally, the conclusions are presented in Sections 4. is less than 5%.
The antenna model and the definition of the coupling resistance

The theoretical coupling resistance
To analyze the coupling resistance theoretically, the ICRF antenna coupling code (antenna code) based on the variational theory [12] was employed. The antenna code has been upgraded with I-port antenna model [13] . The antenna structure and the schematic drawing of slab coupling model are shown in Figure 2 The plasma model takes into account the inhomogeneities of the density and the magnetic field, present in a real tokamak plasma. The density profile used in calculations comes from the data measured by the microwave reflectometry in Figure 1 . We assume that the power radiated by the antenna is sufficiently absorbed (imposing a radiation boundary condition at the plasma bulk (2) where D denotes the surface of the current straps, J are the antenna currents, S I is the maximum current value (at the short point) and the integral is over all current straps. z direction of the coordinate is parallel to toroidal magnetic field, the y direction is in the poloidal direction, and the x direction is in the radial direction pointing to the plasma. 
The input impedance of the lower loop 
Results
In this section, we will analyze some key factors that influence the coupling characteristics of the I port antenna involving the gap, the electron density, the antenna phasing, the gas injection and the L-H transition in H-minority heating experiments. In order to explain the experiment results qualitatively , the approximate coupling efficiency in [15] was employed:
Here, κ is the coupling efficiency, P trans is the power transmitted, P 0 is a constant proportional to the current 2 I in the antenna, k // is the parallel wave-number and L c is the width of the evanescent layer. The coupling resistance R c in equation (1) is the same order of the coupling efficiency κ. So we expect that R c as a function of the k // or L c also obeys the equation (6) approximately. The cutoff density of the plasma is calculated by solving the equation: 
Dependence on the gap
We change the mid-plane gap between the plasma limiter and the last closed flux surface 
Dependence on the central electron density
The experimental and theoretical coupling resistance c R are both shown to increase with the central line averaged density 0 n e in Figure 5 (a). The antenna phasing is (0,π,0,π) and the gap is 3cm . According to Figure 5 (b), the density gradient variation nearby the position of the cutoff n is so little when 0 n e varying that has almost no influence on the coupling resistance. The resonant behaviour of the coupling resistance due to the variation of the density is also not apparent in phasing (0,π,0,π) [16] . So the key factor to influence the coupling resistance is the radial position of the cutoff density. Increasing the central electron density 0 n e is equivalent to pushing the position of the cutoff density closer to the antenna and reducing evanescent layer. The growth rate of the experimental coupling resistance is somewhat higher than the calculation results because we don't take into account of the effect of the increasing density on the gap in the calculation. 
Dependence on the antenna phasing
The coupling resistance with various phasing conditions is displayed in Figure 6 
Dependence on the gas injection
The dependence of the relative variation of the coupling resistance on the rate of the injected gas in B port is shown in Figure 7 . The antenna in B port operates in dipole phasing.
The gas is chosen as deuterium, the plasma current is 400kA, the central line averaged density for the sake of small amount of the gas injection. The coupling resistance increases with the rate of the injected gas increasing. Injecting the gas in front of the antenna is equivalent to increasing the plasma density in the SOL and reducing the evanescent layer. The coupling resistance increases beyond 35% with the gas injection rate of 3.5×10 20 /s during the gas injection experiment compared with the resistance without the gas injection. 
Coupling during the H-mode
As is shown in Figure 8 , a steady H-mode is achieved due to the combination of the auxiliary heating methods including the ICRF, LHW and ECRH. Results from an experiment where 2.45GHz low hybrid wave (LHW) power was modulated during an H-mode heated by ICRF power are shown in Figure 9 . The ICRF antenna coupling resistance during LHW heating is higher than the resistance without LHW heating because the density in the SOL with LHW is higher as shown in Figure 9 (e). We 
Discussions and conclusions
A series of experiments aimed at improving the coupling of the ICRF antenna have been carried out in EAST tokamak. The experimental coupling resistance is compared with the calculation results which come from the upgraded antenna coupling code based on the variational theory. Rough agreements between the experimental coupling resistance and calculation results are obtained. Either reducing the gap between the limiter and the LCFS or increasing the plasma density can enhance the coupling resistance of the antenna with dipole phasing by adjusting the position of the cutoff density on the low-field-side. Altering the antenna phasing from spectra of higher parallel wave number to spectra of lower parallel wave number can also improve the coupling efficiency significantly regardless of the heating efficiency. During the gas injection experiments, the coupling resistance increases beyond 35% with the gas injection rate of 3.5×10 20 /s compared with the resistance without the gas injection. The coupling resistance decreases sharply at the L-H transition and the positive spikes of the coupling resistance caused by ELMs have a bad effect on the stability of the ICRF system. However, it is notable that the presence of the LHW can improve the ICRF antenna coupling efficiency during the H-mode by modifying the density profile in the SOL.
The speculation that the LHW modifies the density profile in front of the ICRF antenna by changing the behavior of the ELMs needs to be confirmed in the future.
Appendix A: The antenna coupling code based on the variational theory Appendix A.1 Derivation of the wave equations for a single antenna.
We normalize Maxwell's equations in the calculations as in Ref. [12] . The subscript 'p' denotes the physical quantity, then: 
From Maxwell's equations, the equations for z E and z H are:
The current distributions on conductors of the antenna are modeled by: 
where P Y is the plasma admittance defied as ) , ( 
In Equation (19) and (20) 
We could express each current in terms of a linear combination of these trial functions: 
